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ABSTRACT
The PAMELA satellite experiment is providing comprehensive observations of
the interplanetary and magnetospheric radiation in the near-Earth environment.
Thanks to its identification capabilities and the semi-polar orbit, PAMELA is
able to precisely measure the energetic spectra and the angular distributions of
the different cosmic-ray populations over a wide latitude region, including geo-
magnetically trapped and albedo particles. Its observations comprise the solar
energetic particle events between solar cycles 23 and 24, and the geomagnetic
cutoff variations during magnetospheric storms. PAMELA’s measurements are
supported by an accurate analysis of particle trajectories in the Earth’s ma-
gnetosphere based on a realistic geomagnetic field modeling, which allows the
classification of particle populations of different origin and the investigation of
the asymptotic directions of arrival.
1. Introduction
PAMELA (a Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics)
is a space-based experiment designed for a precise measurement of charged Cosmic-Rays
(CR) – protons, electrons, their antiparticles and light nuclei – in the kinetic energy
interval from several tens of MeV up to several hundreds of GeV (Adriani et al. 2014).
The Resurs-DK1 satellite, which hosts the apparatus, was launched into a semi-polar (70
deg inclination) and elliptical (350–610 km altitude) orbit on 15 June 2006; in 2010 it was
changed to an approximately circular orbit at an altitude of ∼ 580 km. The instrument
consists of a magnetic spectrometer equipped with a silicon tracking system, a time-of-flight
system shielded by an anticoincidence system, an electromagnetic calorimeter and a neutron
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detector. Details about apparatus performance, proton selection, detector efficiencies and
experimental uncertainties can be found elsewhere (see e.g. Adriani et al. (2013)).
PAMELA is providing comprehensive observations of the interplanetary (Adriani et
al. 2013, 2015d) and magnetospheric (Adriani et al. 2011a, 2015a,c, 2016) radiation in the
near-Earth environment. In particular, PAMELA is able to precisely measure the Solar
Energetic Particle (SEP) events during solar cycles 23 and 24 (Adriani et al. 2011b, 2015b).
This work reviews PAMELA’s main magnetospheric results, with the focus on the analysis
methods developed to support the observations, based on an accurate reconstruction of
particle trajectories in the Earth’s magnetosphere.
2. Geomagnetically Trapped and Re-Entrant Albedo Protons
The Van Allen belts constitute a major radiation source in the Earth’s vicinity.
Specifically, the inner belt is mainly populated by energetic protons, mostly originated by
the decay of albedo neutrons according to the CRAND mechanism (Farley & Walt 1971),
experiencing long-term magnetic trapping. Despite the significant improvement made in the
latest decades, the description of the trapped environment is still incomplete, with largest
uncertainties affecting the high energy fluxes in the inner zone and the South Atlantic
Anomaly (SAA), where the inner belt makes its closest approach to the Earth.
In addition, the magnetospheric radiation includes populations of albedo protons
originated by the collisions of interplanetary CRs on the atmosphere. A quasi-trapped
component concentrates in equatorial regions and presents features similar to those
of radiation belt protons, but with limited lifetimes and much less intense fluxes. An
un-trapped component spreads over all latitudes including the “penumbra” region near
the geomagnetic cutoff, where particles of both interplanetary and atmospheric origin are
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present.
In this Section we discuss the new accurate measurements of the magnetospheric
radiation made by the PAMELA experiment (Adriani et al. 2015a,c). Results are based on
data collected between July 2006 and September 2009.
2.1. Particle Classification
Trajectories of all selected down-going protons were reconstructed in the Earth’s ma-
gnetosphere using a tracing program based on numerical integration methods (Smart & Shea
2000, 2005), and implementing the IGRF11 (Finlay et al. 2010) and the TS05 (Tsyganenko
& Sitnov 2005) as internal and external geomagnetic field models, respectively (Bruno et
al. 2015a). Solar wind and Interplanetay Magnetic Field (IMF) parameters were obtained
from the high resolution (5-min) Omniweb database (http://omniweb.gsfc.nasa.gov/).
Trajectories were propagated back and forth from the measurement location and traced
until: back-traced trajectories reached the model magnetosphere boundaries (galactic
protons); or they intersected the absorbing atmosphere limit, which was assumed at an
altitude1 of 40 km (re-entrant albedo protons); or particles performed more than 106/R2
steps2, where R is the particle rigidity (momentum/charge) in GV, for both propagation
directions (geomagnetically trapped protons). Trapped trajectories were verified to fulfil the
adiabatic conditions, in particular the hierarchy of temporal scales: ωgyro ≫ ωbounce ≫ ωdrift,
where ωgyro, ωbounce and ωdrift are the frequencies associated with gyration, bouncing and
1Such a value roughly corresponds to the mean production altitude for albedo protons.
2Since the program uses a dynamic variable step length, which is of the order of 1% of
a particle gyro-distance in the magnetic field, such a criterion ensures that at least 4 drift
cycles around the Earth were performed (2 cycles for each propagation direction).
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drift motions (Adriani et al. 2015a).
Albedo protons were classified into quasi-trapped and un-trapped. The former have
trajectories similar to those of stably-trapped, but are originated and re-absorbed by the
atmosphere during a time larger than a bounce period (up to several tens of s). The latter
include both a short-lived component of protons precipitating within a bounce period (. 1s),
and a long-lived (pseudo-trapped) component with rigidities close to the geomagnetic cutoff
(penumbra), characterized by a chaotic motion (non-adiabatic trajectories). Full details,
including distributions of lifetimes and production/absorption points on the atmosphere,
can be found in Adriani et al. (2015c).
2.2. Flux Calculation
Proton spectra were estimated by assuming an isotropic distribution in all the explored
regions except the SAA. In fact, trapped fluxes are significantly anisotropic due to the
interaction with the Earth’s atmosphere, and thus the gathering power of the apparatus
depends on the spacecraft orientation with respect to the local geomagnetic field. In this
case, a PAMELA effective area (cm2) was evaluated as a function of particle energy E,
local pitch-angle α and satellite orientation Ψ:
H(E, α,Ψ) =
sinα
2pi
∫
2pi
0
dβ [A(E, θ, φ)cosθ] , (1)
where β is the gyro-phase angle, θ=θ(α, β,Ψ) and φ=φ(α, β,Ψ) are respectively the zenith
and azimuth angles describing particle direction in the PAMELA frame3, and A(E, θ, φ) is
3The PAMELA frame has the origin in the center of the spectrometer cavity; the Z axis
is directed along the main axis of the apparatus, toward incoming particles; the Y axis is
directed opposite to the main direction of the magnetic field inside the spectrometer; the X
axis completes a right-handed system.
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Fig. 1.— PAMELA trapped proton energy spectrum for sample αeq and L-shell values,
compared with the predictions from the UP8-min (Sawyer & Vette 1976) and the PSB97
(Heynderickx et al. 1999) models (from SPENVIS, https://www.spenvis.oma.be/).
the apparatus response function. The effective area was evaluated with accurate simulations
based on Sullivan (1971). Then, at given geographic location, differential directional fluxes
were obtained as:
F (E, α) =
N(E, α)
2pi
∑
Ψ
[H(E, α,Ψ)∆T (Ψ)]∆α∆E
, (2)
where N is the number of counts corrected for selection efficiencies, and the effective area is
averaged over spacecraft orientations corresponding to the considered position, by weighting
each H(E, α,Ψ) contribution by the livetime ∆T (Ψ) spent by PAMELA at orientation
Ψ. At a later stage, the geographic flux grid was interpolated onto magnetic coordinates,
including the adiabatic invariants and related variables. In particular, distributions were
evaluated as a function of kinetic energy E, equatorial pitch-angle αeq and McIlwain’s
L-shell, providing a convenient description of trapped fluxes. Further details can be found
in Adriani et al. (2015a).
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Fig. 2.— Differential energy spectra outside the SAA for different bins of AACGM la-
titude |Λ|. Results for the several proton populations are shown: quasi-trapped (violet),
precipitating (green), pseudo-trapped (red) and galactic (blue).
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Fig. 3.— Fraction of galactic protons in the penumbra region, as a function of particle
rigidity and AACGM latitude |Λ| (top) and L-shell (bottom). See the text for details.
2.3. Results
PAMELA data extend the observational range for trapped protons down to L ∼ 1.1
RE , and up to the maximum kinetic energies corresponding to the trapping limits (a few
GeV). Figure 1 compares PAMELA geomagnetically trapped results (for sample αeq and
L values) with the predictions from two empirical models available in the same energy
and altitude ranges: the AP8 (Sawyer & Vette 1976) unidirectional (hereafter UP8) model
for solar minimum conditions, and the SAMPEX/PET PSB97 model (Heynderickx et al.
1999). Model data were derived from the SPENVIS system (http://www.spenvis.oma.be/).
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In general, the UP8 model significantly overestimates PAMELA observations, while a better
agreement can be observed with the PSB97 model. However, PAMELA fluxes do not show
the spectral structures present in the PSB97 predictions.
Albedo fluxes were mapped using the Altitude Adjusted Corrected Geomagnetic
(AACGM) coordinates (Heres & Bonito 2007), developed to provide a realistic description
of high latitude regions accounting for the multipolar geomagnetic field. Figure 2 shows
the spectra of the various albedo components outside the SAA (B>0.23 G) measured
at different latitudes |Λ|, along with the galactic component. Fluxes were averaged over
longitudes. Quasi-trapped protons are limited to low latitudes and to energies below ∼
8 GeV; their fluxes smoothly decrease with increasing latitude and energy. Conversely,
the precipitating component spreads to higher latitudes, with spectra extending up to ∼10
GeV. Finally, pseudo-trapped protons concentrate at highest latitudes and energies (up to
∼ 20 GeV), with a peak in the penumbra related to large gyro-radius (102−103 km) effects.
Features of the penumbra region are investigated in Figure 3, where the fraction (%) of
galactic over total (galactic + albedo) protons is displayed as a function of particle rigidity,
and AACGM latitude (top panel) and L-shell (bottom panel). The penumbra was identified
as the region where both albedo and galactic proton trajectories were reconstructed. The
black curves denote a fit of points with an equal percentage of the two components, while
the red line refers to the Sto¨rmer vertical cutoff for the PAMELA epoch.
3. Solar Energetic Particles
The PAMELA space experiment is providing first direct observations of SEPs in a large
energetic interval (&80 MeV) bridging the low energy measurements by in-situ spacecrafts
and the ground level enhancement data by the worldwide network of neutron monitors.
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Its unique observational capabilities include the possibility of measuring the flux angular
distribution and thus investigating possible anisotropies associated to SEP events. Results
are supported by an accurate back-tracing analysis based on a realistic description of the
Earth’s magnetosphere, which is exploited to estimate the SEP fluxes as a function of the
asymptotic direction of arrival. In this Section we discuss the results for the May 17, 2012
event (Adriani et al. 2015b).
3.1. Asymptotic Directions of Arrival
The asymptotic arrival directions (i.e. the directions of approach before encountering
the magnetosphere) of all selected interplanetary protons were evaluated with the trajectory
tracing method, based on the IGRF11 and the TS07D (Tsyganenko & Sitnov 2007) models
for the description of the internal and external4 geomagnetic field sources, respectively. The
asymptotic directions were evaluated with respect to the IMF direction (based on Omniweb
5-min data), with polar angles α and β denoting the pitch-angle and the gyro-phase angle.
3.2. Flux Calculation
Fluxes were reconstructed as a function of particle rigidity and asymptotic pitch-angle.
The used approach is analogous to the one developed for the measurement of geomagne-
tically trapped protons (see Section 2.2), but in this case the transformation between local
(θ,φ) and magnetic (α,β) angles depends on particle propagation in the magnetosphere, so
the effective area was obtained through the trajectory tracing method. To assure a high
resolution, ∼2800 trajectories (uniformly distributed inside PAMELA field of view) were
4The TS07D model provides a larger spatial coverage with respect to the TS05 model.
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reconstructed for 1-sec time steps along the satellite orbit and 22 rigidity values between
0.39 – 4.09 GV, for a total of ∼ 8 × 107 trajectories for each polar pass. At a later stage,
results were interpolated over the full field of view. Since PAMELA’s semi-aperture is ∼20
deg, the observable pitch-angle range is relatively small (a few deg) except in the penumbral
regions, where trajectories become chaotic and corresponding asymptotic directions rapidly
change with particle rigidity and looking direction: due to the related measurement
uncertainties, these zones were excluded from the analysis. Further details can be found in
Bruno et al. (2015c, 2016).
3.3. Results
Figure 4 reports PAMELA’s vertical asymptotic directions of view during the first
polar pass that registered the May 17, 2012 SEP event. Left panels show the results in
terms of GEO (top) and GSM (bottom) coordinates, for different rigidities (color codes).
The spacecraft position is indicated by the dark grey curve. The contour curves represent
values of constant pitch-angle with respect to the IMF direction, denoted with crosses. It
can be noted that IMF was almost perpendicular to the sunward direction. As PAMELA
was moving eastward and changing its orientation along the orbit, viewing asymptotic
directions rapidly varied performing a clockwise loop (see the arrows). Right panels display
the asymptotic directions as a function of UT, and particle rigidity (top) and pitch-angle
(bottom); the color codes refer to the corresponding pitch-angle and rigidity values,
respectively. Solid curves in the top-right panel denote the estimated Sto¨rmer vertical
cutoff. A large pitch-angle interval was covered during the polar pass (0–145 deg). In
particular, PAMELA was looking at the IMF direction around 0216 UT.
Preliminary pitch-angle profiles measured by PAMELA during the first polar pass are
shown in Figure 5, for different rigidity bins (color code). The galactic CR background,
– 13 –
Fig. 4.— PAMELA’s vertical asymptotic directions of view (0.39 – 10 GV) during the first
polar pass that registered the May 17, 2012 SEP event. See the text for details.
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Fig. 5.— SEP pitch-angle profiles measured by PAMELA (May 17, 0158 – 0220 UT) for
different rigidity bins (color code). Lines are to guide the eye.
evaluated by using the data acquired by PAMELA during two days prior the SEP arrival,
was subtracted from registered fluxes. The vertical error bars include only statistical
uncertainties. Two populations with very different pitch-angle distributions can be noted: a
low-energy component (. 1 GV) confined to pitch-angles <90 deg and exhibiting significant
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scattering or redistribution; and a high-energy component (1 – 2 GV) that is beamed with
pitch-angles <30 deg and relatively unaffected by dispersive transport effects, consistent
with neutron monitor observations. The presence of these simultaneous populations can
be explained by postulating a local scattering/redistribution in the Earth’s magnetosheath
(not included in the empirical models), with a major role played by the quasi-perpendicular
IMF orientation (see Adriani et al. (2015b) for a comprehensive discussion).
4. Geomagnetic Cutoff Variations During Magnetospheric Storms
The CR access to a specific location in the Earth’s magnetosphere is determined by
the spatial structure and intensity of the geomagnetic field, which is an highly dynamical
system: its configuration is driven by the solar wind and by the interaction between
terrestrial and interplanetary fields, being compressed at the dayside and stretched toward
the magnetotail on the nightside. Major space weather phenomena are caused by large
SEP events. In case of earthward-directed Coronal Mass Ejections (CMEs) or co-rotating
interaction regions disturbances can culminate in geomagnetic storms, characterized by a
large transfer of the solar wind energy into the Earth’s magnetosphere, with significant
changes in the currents, plasmas and fields.
In this Section we discuss the measurement of the cutoff variability during the strong
geomagnetic storm on 14 December 2006, the last large CME-driven storm of solar cycle 23
(Bruno et al. 2015b; Adriani et al. 2016).
4.1. The 14 December 2006 Geomagnetic Storm
On 13 December 2006 at 0214 UT, an X3.4/4B solar flare occurred in the active region
NOAA 10930 (S06W23). This event also produced a full-halo CME with a speed of 1774
– 15 –
km s−1. The CME forward shock reached the Earth at ∼ 1410 UT on 14 December causing
a Forbush decrease of galactic CR intensities that lasted for several days. In addition, the
large increase in the solar wind velocity VSW caused a Storm Sudden Commencement (SSC).
The increased dynamical pressure PSW resulted in a dramatic magnetospheric compression
along with an intensification of the magnetopause current. The SSC marked the beginning
of the initial phase of the storm, which was characterized by intense fluctuations in PSW
and in all IMF components. In particular, BIMFz became positive after 1800 UT on 14
December and it continued to oscillate until the ∼2300 UT, when the IMF intensity
increased and BIMFz rapidly turned negative, while VSW decreased. The main phase of the
storm reached a maximum in the first hours of 15 December, followed by a slow (∼ 3 days)
recovery phase. The protracted large-amplitude southward IMF was associated with the
magnetic cloud which caused the storm. Such large events are untypical of the intervals of
low solar activity. An additional interplanetary shock, related to a less geo-effective CME,
was registered on 16 December at ∼ 1800 UT.
4.2. Evaluation of Geomagnetic Cutoff Latitudes
The lowest magnetic latitude to which a charged CR particle can penetrate the
Earth’s magnetic field is known as its cutoff latitude and is a function of particle rigidity,
arrival direction and geomagnetic activity. Due to the narrow field of view of PAMELA,
with its major axis mostly oriented toward the zenith, the measured fluxes correspond to
approximately vertical directions.
The algorithm used to evaluate cutoff latitudes from the PAMELA data (Bruno
et al. 2015b) is similar to one developed by Leske et al. (2001), using the low-energy
proton and alpha particle measurements made by the SAMPEX mission. For each rigidity
bin, a mean flux was obtained by averaging fluxes measured at latitudes higher than
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Fig. 6.— Time profile of the geomagnetic cutoff latitudes measured by PAMELA, for different
rigidity bins. Vertical solid and dashed lines mark the shock and the magnetic cloud arrival,
respectively.
Λmin = cos
−1(R[GV ]/20)1/4 deg, and the cutoff latitude was evaluated as the latitude where
the flux intensity is equal to the half of the average value. Λmin represents an upper cutoff
latitude derived from the experimental distributions to avoid penumbral effects. To support
the analysis results, cutoff latitudes were also numerically modeled with back-tracing
techniques: at a given rigidity, the modeled cutoff latitude was evaluated as the latitude
where reconstructed interplanetary and albedo flux intensities were equal.
The calculation was performed for 13 rigidity logarithmic bins in the range 0.39 – 3.29
GV and the final cutoff values were derived by fitting PAMELA’s data averaged over single
orbital periods (∼94 min), including two measurements (entering and exiting the polar
caps) in both magnetic hemispheres.
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4.3. Results
Figure 6 shows the geomagnetic cutoff AACGM latitudes measured by PAMELA as
a function of time (12 – 18 December 2006) for different rigidity bins (color code). Each
point denotes the cutoff latitude value averaged over a single spacecraft orbit; the error bars
include the statistical uncertainties of the measurement. Data were missed from 1000 UT
on December 13 until 0914 UT on December 14 because of an onboard system reset of the
satellite. The evolution of the December 14 magnetic storm followed the typical scenario in
which the cutoff latitudes moves equatorward as a consequence of a CME impact on the
magnetosphere with an associated transition to southward BIMFz . The registered cutoff
variation decreases with increasing rigidity, with a ∼7 deg maximum suppression at lowest
rigidities.
Figure 7 reports the comparison between measured and modeled cutoff latitudes (0.39
– 0.46 GV). Two different empirical descriptions of the external geomagnetic fields were
employed (in combination with the IGRF11 model): the T96 (Tsyganenko 1996) and the
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TS05 models. While the former appears to systematically underestimate (up to 4%) the
observations, PAMELA and TS05 results are in a good agreement within the statistical
uncertainties. Further details, including a study of correlations between cutoff latitudes
and main solar wind, IMF and geomagnetic (Kp, Dst, Sym-H) parameters can be found in
Adriani et al. (2016).
5. Conclusions
This work reviews PAMELA’s main magnetospheric results, with the focus on
the analysis methods developed to support the observations, based on an accurate
reconstruction of particle trajectories in the Earth’s magnetosphere. The trajectory analysis
enabled the separation of particle populations of atmospheric and interplanetary origin,
improving the study of geomagnetically trapped particles from the inner radiation belt and
of albedo protons at different latitudes, including the geomagnetic cutoff variations during
magnetospheric storms. The back-tracing approach was also exploited in the SEP analysis
allowing the investigation of flux anisotropies, proving to be an important ingredient for the
interpretation of the solar events observed by PAMELA between solar cycles 23 and 24.
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